SNARE proteins are required for intracellular membrane fusion. In the neuron, the plasma membrane SNAREs syntaxin 1a and SNAP25 bind to VAMP2 found on neurotransmitter-containing vesicles. These three proteins contain "SNARE regions" that mediate their association into stable tetrameric coiled-coil structures. Syntaxin 1a contributes one such region, designated H3, and SNAP25 contributes two SNARE regions to the fusogenic complex with VAMP2. Syntaxin 1a H3 (syn1aH3) and SNAP25 can form a stable assembly, which can then be bound by VAMP2 to form the full SNARE complex. Here we show that syn1aH3 can also form a stable but kinetically trapped complex with the N-terminal SNARE region of SNAP25 (S25N). The crystal structure of this complex reveals an extended parallel four-helix bundle similar to that of the core SNARE and the syn1aH3⅐SNAP25 complexes. The inherent ability of syn1aH3 and S25N to associate stably in vitro implies that the intracellular fusion machinery must prevent formation of, or remove, any nonproductive complexes. Comparison with the syn1aH3⅐SNAP25 complex suggests that the linkage of the N-and C-terminal SNAP25 SNARE regions is kinetically advantageous in preventing formation of the non-productive syn1aH3⅐S25N complex. We also demonstrate that the syn1aH3⅐S25N complex can be disassembled by ␣-SNAP and N-ethylmaleimide-sensitive factor.
Eukaryotic cells maintain highly organized membrane structures to perform essential cellular functions such as protein synthesis, modification, and degradation. Communication between these membrane compartments is essential to ensure that proteins and other molecules are transported and segregated into appropriate organelles within the cell. This is achieved through cargo-containing vesicles that bud from donor membranes and are transported to acceptor membranes where they fuse. Such a process allows local rearrangement of lipid bilayers while maintaining the overall structural integrity of the membrane compartment. Membrane fusion is mediated in part by a large family of compartment-specific proteins known as SNAREs 1 (soluble NSF attachment protein receptors) that are localized on vesicle or target membranes (1, 2) .
In neurons, the SNAREs syntaxin 1a (syn1a), SNAP25, and VAMP2 participate in fusing neurotransmitter-filled vesicles with the plasma membrane of the cell, allowing neurotransmitter molecules to be released into the synaptic cleft. VAMP2 (also known as synaptobrevin) is found on the vesicle membrane and contains a characteristic "SNARE region" heptad repeat sequence followed by a single C-terminal membranespanning segment (3) . Syntaxin 1a and SNAP25 are localized to the presynaptic membrane. The primary structure of syntaxin 1a consists of an N-terminal domain termed Habc, a SNARE region termed H3, and a single C-terminal membranespanning anchor (4, 5) . SNAP25 contains two SNARE regions, designated S25N and S25C, that are separated by a linker region containing four palmitoylated cysteines that tether the protein to the membrane (6, 7) . The four SNARE regions of VAMP2, syn1a, and SNAP25 associate to form an extremely stable parallel four-helix coiled-coil (8 -13) . The coiled-coil structure formed by the four kinds of SNARE motif is referred to as the "core" SNARE complex. It is hypothesized that the energy associated with SNARE complex assembly serves to drive membranes into close apposition, which may then directly or indirectly lead to fusion (9, 14) . Because of their high stabilities, energy is required to disassemble the SNARE complexes for future rounds of fusion (15) . The ATPase NSF (Nethylmaleimide-sensitive factor) and the mediator protein ␣-SNAP (soluble NSF attachment protein) are responsible for SNARE disassembly.
Homologues of the neuronal SNARE proteins are associated with various intracellular compartments, where they presumably mediate fusion during vesicle trafficking between organelles (1, 16, 17) . The crystal structure of the neuronal core SNARE complex revealed 16 layers of interactions, of which 15 are hydrophobic-packing interactions (13) . The central layer, however, features the interaction of Arg 56 from VAMP2 with glutamines from syn1a, S25N, and S25C. This layer, known as the "zero" or "polar" layer, is highly conserved among SNARE proteins. The presence of Arg or Gln at this position, as well as other characteristic residues, serves to classify SNAREs into one of the four families (VAMP, syntaxin, S25N, or S25C). VAMP homologues all contain a SNARE region followed by a single C-terminal transmembrane-spanning segment, and in some cases they also have a small N-terminal domain (18, 19) . The syntaxin proteins are characterized by an N-terminal Habc domain, the H3 SNARE region, and a C-terminal membranespanning anchor (4, 5) . The SNAP25 family of proteins contains two SNARE regions, with homology to either the N (S25N)-or C (S25C)-terminal SNARE region of neuronal SNAP25 (20) . In some cases, for example SNAP25, the S25N and S25C SNARE regions are fused into a single polypeptide chain separated by a linker region, whereas in others the N-and C-terminal SNARE regions are located on separate proteins and may contain domains in addition to the SNARE region (20) .
Assembly of SNARE complexes appears to be tightly regulated in neuronal exocytosis and perhaps in other transport steps as well. For example, the N-terminal region of syn1a interacts with its own H3 domain (8, 21, 22) , generating a conformation that binds tightly to the regulatory factor neuronal Sec1 (nSec1) (22) (23) (24) . The details of the events that occur downstream of the syn1a⅐nSec1 interaction remain obscure. However, several lines of evidence suggest a temporal order of association between the SNAREs that precedes fusion (25, 26) . Thus, it is possible that intermediates exist at several stages along the pathway to full SNARE complex assembly. The characterization of potential intermediates in SNARE complex assembly thus provides important information for understanding the processes involved in SNARE-mediated membrane fusion.
A complex composed of syn1aH3 and SNAP25 in a 2:1 ratio has been characterized and found to assemble into a parallel four-stranded coiled coil resembling the core SNARE complex (27) (28) (29) . In an in vitro study of the yeast proteins Sso1p, Sec9p, and Snc2p (syn1a, SNAP25, and VAMP2 homologues, respectively) involved in Golgi-to-plasma membrane transport, formation of the Sso1p⅐Sec9p complex relieved the kinetic inhibition of core SNARE complex assembly due to the Sso1p N-terminal domain (Habc) (26) . These data, in conjunction with the observation in vitro that VAMP2 can be rapidly incorporated into the neuronal syn1a⅐SNAP25 complex to generate the higher stability core complex, suggests that a syn1a⅐SNAP25 complex might lie on the pathway to full SNARE complex formation (9, 21) . However, biochemical studies of the pathway of SNARE assembly in a Ca 2ϩ -regulated cellular context suggest that VAMP2 and SNAP25 associate followed by syntaxin 1a binding (30) . Thus, the physiologically relevant pathway of SNARE assembly remains unclear at present.
In this report, we demonstrate that syn1aH3 and the Nterminal half of SNAP25 (S25N) are sufficient to form an independent complex (also observed by Fasshauer et al. (27) ). The syn1aH3⅐S25N complex is mostly ␣-helical and of higher thermal stability than the syn1aH3⅐SNAP25 complex. The rate of syn1a⅐S25N complex assembly is unusually slow, but once the complex is formed it is kinetically restricted from forming the more stable core SNARE complex. The crystal structure of the syn1aH3⅐S25N complex consists of a parallel, four-stranded coiled coil, containing two copies each of syn1aH3 and S25N. The structure displays similarities to the core SNARE complex, and both complexes are substrates for NSF and ␣-SNAP. These results suggest that unproductive interactions among SNARE family members can occur and emphasize the importance of strict regulation of SNARE interactions in the cell.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The following glutathione Stransferase (GST) or His 6 fusion proteins were produced in Escherichia coli: rat GST-syn1aH3 (31) (residues 191-266), rat GST-syntaxin 1a (residues 1-266) (31), human His 6 -S25N (32), rat GST-S25C (residues 125-206), human GST-SNAP25 (32) (containing Cys to Ala mutations at positions 85, 88, 90, and 92 to facilitate purification), rat GST-VAMP2 (residues 1-93) (8) , mouse GST-Vti1b (residues 142-199), 2 human GST-syntaxin 7 H3 (residues 159 -239), 2 human GST-SNAP23(N) (residues 1-78), 2 rat GST-syntaxin 4 H3 (8), (residues 200 -273), His 6 -NSF (33), and His 6 -␣-SNAP (34) . Expression of GST-VAMP2 and His 6 -NSF was maximized by using BL21(DE3) RIL Codon Plus cells (Stratagene) and M15/pREP4 cells (Qiagen), respectively.
Cells were grown in LB medium at 37°C in the presence of 100 mg/liter ampicillin and induced with 1 mM isopropylthiogalactoside when the culture reached an optical density at 600 nm of 0.8 -1.0. Cells were harvested by centrifugation and resuspended in lysis buffer (250 mM NaCl, 20 mM Tris, pH 7.9, 2 mM 2-mercaptoethanol (␤-Me)), except for cells expressing His 6 -NSF. Cells were lysed in a French press after the addition of 1-2 mg DNase I (Sigma), and cell debris was removed by centrifugation at 90,100 ϫ g (average value) for 30 min. GST fusion proteins were purified by affinity chromatography on glutathione-agarose beads (Sigma) in lysis buffer and then cleaved with thrombin (Sigma) for 1 h at 25°C. GST-syn1a (residues 1-266) was eluted from glutathione beads with 10 mM reduced glutathione without prior cleavage by thrombin. Cell lysates containing His 6 -tagged-proteins (except for His 6 -NSF) were loaded onto Ni-NTA-agarose columns (Qiagen), washed with 10 column volumes of lysis buffer, and eluted with increasing concentrations of imidazole. Proteins used for binding assays were further purified on an S200 gel filtration column (Amersham Pharmacia Biotech) in a buffer containing 150 mM NaCl, 2 mM ␤-Me, and 20 mM Tris, pH 7.9, and proteins used for CD studies were purified by gel filtration in phosphate-buffered saline.
For purification of His 6 -NSF, cells were resuspended in NSF lysis buffer (100 mM Hepes/KOH, pH 7.1, 500 mM KCl, 10 mM ATP, 10% glycerol, 2 mM ␤-Me, 1 mM phenylmethylsulfonyl fluoride, and one Complete-EDTA free (Roche Diagnostics) protease inhibitor mixture tablet per 50 ml of cell lysate). Cells were lysed in a French press after the addition of 1-2 mg of DNase I (Sigma), and cell debris was removed by centrifugation at 90,100 ϫ g (average value) for 30 min. The cell lysate was bound to Ni-NTA-agarose and washed with 10 column volumes of NSF lysis buffer, 5 column volumes of NSF wash buffer (25 mM Hepes, pH 7.1, 200 mM KCl, 2 mM ATP, 2 mM ␤-Me, 10% glycerol, and 1 mM phenylmethylsulfonyl fluoride) containing 25 mM imidazole, and 5 column volumes NSF wash buffer containing 60 mM imidazole. NSF was eluted from Ni-NTA-agarose with 10 ml of NSF wash buffer containing 300 mM imidazole. The eluted protein was then loaded on a gel filtration column (S200 HR 26/60, Amersham Pharmacia Biotech) equilibrated in 25 mM Tris, pH 7.5, 300 mM KCl, 10% glycerol, 5 mM ␤-Me, 1 mM ATP, and 1 mM EDTA. Fractions containing pure NSF (as determined by SDS-PAGE, data not shown) were pooled and concentrated.
To prepare selenomethionine-substituted syn1aH3 (Se-syn1aH3) and S25N (Se-S25N) proteins, plasmids were transformed into B834 (Novagen) methionine auxotroph E. coli cells. The cells were grown in selective media (35) to allow for incorporation of selenomethionine. Protein expression and purification proceeded in the same way as the wild-type proteins. Both the Se⅐syn1aH3⅐S25N and syn1aH3⅐Se⅐S25N complexes formed and crystallized in the same way as the wild-type proteins.
Syn1aH3⅐S25N Homologue Binding Assays-Purified syn1aH3 and S25N, syn1aH3 and SNAP23-N, syn4H3 and SNAP23-N, or syn7H3 and Vti1b were mixed in equimolar amounts at ϳ100 M and incubated for 3 h at 21°C. The protein mixtures were then separated by gel filtration chromatography (Superdex S200 HR 26/60, Pharmacia) at 4°C. Only the syn1aH3 and S25N proteins co-fractionated and eluted at a molecular weight consistent with a tetrameric assembly. Fractions containing pure syn1aH3⅐S25N complex (as determined by SDS-PAGE, data not shown) were concentrated to ϳ15 mg/ml for crystallization.
Crystallization-Crystals of the syn1aH3⅐S25N complex were obtained by vapor diffusion at 21°C. Purified protein in a buffer containing 150 mM NaCl, 5 mM ␤-Me, and 25 mM Tris, pH 8.0, was mixed with an equal volume of reservoir solution containing 1.6 M ammonium sulfate, 100 mM MES, pH 6.5, and 10 mM ␤-Me. Crystals appeared within 2 days and grew to approximately (150 m 3 ) in size. Prior to data collection, the crystals were flash-frozen at 100 K in Paratone-N (Exxon) oil. The native crystal used for refinement belongs to space group C2, with unit cell dimensions a ϭ 59.4 Å, b ϭ 65.8 Å, c ϭ 80.1 Å, and ␤ ϭ 99.5°. Slight differences were observed in unit cell dimensions for different native crystals as well as for selenomethionine-substituted crystals.
X-ray Diffraction Data Collection and Phasing-Native and multiwavelength anomalous dispersion (MAD) diffraction data were measured at the Stanford Synchrotron Radiation Laboratory using beamline 9-2 on a Quantum 4 charge-coupled device detector (Area Detector Systems Corp.). All data were measured at 100 K, and processed and scaled with Denzo/Scalepack (36) . MAD data were systematically measured from syn1aH3⅐Se⅐S25N crystals in 30°wedges using inverse beam geometry at three wavelengths. Data collection statistics are presented in Table I . All Patterson and phasing calculations were performed with the program CNS (37) . An automated Patterson search (38) was carried out using an averaged Patterson map calculated from the peak (2) anomalous, high remote anomalous (1), and dispersive (3 Ϫ 1) Patterson maps. Each copy of the S25N peptide contains 7 methionine residues (including the start methionine). Six selenium sites were located using difference Patterson techniques, and three additional sites were located from a difference Fourier map using phases from the initial six sites. Phases from nine sites were calculated using the Philips-Hodgson method and maximum-likelihood refinement (39, 40) with the 3 (absorption edge)-positive Friedel value set as a reference. The phases were improved using solvent flattening and histogram matching in CNS. Phasing statistics are presented in Table II . Data were also measured from a crystal containing Se⅐syn1aH3 protein and native S25N protein at the selenium peak wavelength (0.9797 Å). An anomalous difference Fourier map was calculated using these data, and the solvent-flattened phases were used to verify the position of the syn1aH3 methionine residues.
Model Refinement-Refinement was carried out using CNS against all data with ͉F͉ Ͼ 0. Statistics are presented in Table III . Prior to refinement, a random subset (10.7%) of the data was removed and used as the test set for cross-validation. The model was initially refined by simulated annealing using the MLHL target in CNS against the high energy remote data (1), with the density-modified phases used as prior phase information. Subsequent refinement was carried out against the native data set. Subsequent rounds of model building using A -weighted 2F o Ϫ F c maps, positional minimization, and individual thermal factor refinement were then carried out to produce the final model. An overall anisotropic temperature factor correction was applied to the data throughout refinement, but the high degree of anisotropy in the data made tracing the ends of the helices difficult. An attempt was made to reduce the effects of the anisotropy by truncating the data at 2.4 Å. This reduced the number of reflections with measured intensities Ͻ 0 and improved the quality of F o Ϫ F c difference maps but did not significantly change the anisotropic temperature factor tensor.
The N and C termini of all four polypeptide chains are disordered to varying extents, as judged by the poor quality of the electron density map in these regions and the high thermal factors (ϳ90 Å 2 ). F o Ϫ F c difference maps did not provide evidence for multiple discrete conformations. The disorder was confirmed by carrying out four sequential simulated annealing runs on the final model against the 2.0-Å native data set using starting temperatures of 10,000 K. The four sets of coordinates superimposed closely in the central region of the coiled coil, but deviated up to 0.5 Å on C␣ positions near the N and C termini.
We believe that an overall anisotropic temperature factor correction cannot accurately model the combination of severe anisotropy of the crystals and disorder at the N and C termini of the polypeptide chains and that this in part led to high values for R free and R cryst . The high level of anisotropy also led to an effectively lower resolution, which limited the identification of water molecules. This can be seen by plotting R values against resolution shells, where a spike in R occurs at ϳ3.0 Å (data not shown). The water molecules that were included in the final model were placed at peaks Ն 3.0 with convincing chemical environments. The final model includes one tetrameric coiled coil in the asymmetric unit corresponding to a solvent content of 43% and is composed of S25N residues 11-72 (copy 1), 10 -78 (copy 2), syn1aH3 residues 191-257 (copy 1), 195-245 (copy 2), and 49 water molecules.
Coordinate Superpositions-All superpositions were carried out using the program O (41) by rotating helices from the core SNARE complex onto helices from the syn1aH3⅐S25N complex. Only residues with helical phi-psi angles were used in the superpositions, and the same number of residues was used in each superposition for each helix. The regions chosen for superpositions were those that were ordered in all copies of each peptide. From the SNARE complex VAMP2 residues 30 -81, syn1aH3 residues 195-245, S25N residues 12-72, and S25C residues 142-193 were used. From the syn1aH3⅐S25N complex, syn1aH3 residues 195-245 and S25N residues 12-72 were used. For the superpositions of the syn1aH3⅐S25N dimers, residues 12-72 from S25N and 195-245 from syn1aH3 from the core SNARE complex were superimposed with equivalent residues from the syn1aH3⅐S25N complex.
Circular Dichroism (CD) Spectroscopy-CD data were recorded on an Aviv 62DS CD spectrophotometer equipped with a thermoelectric temperature controller. Measurements were made in phosphate-buffered saline, using a 1-cm path length quartz cuvette. Wavelength measurements were recorded at 18°C, using 2 M protein as determined by the Bio-Rad protein assay with bovine serum albumin as a standard. Thermal unfolding experiments were performed at 2 M protein concentration by measuring the CD signal at 222 nm, allowing 1 min equilibration per 1°C temperature increment and averaging 30 s per measurement. Assembly reactions were performed by adding equimolar concentrations (2 M) of the appropriate protein components to the cuvette and mixing thoroughly. Kinetic measurements were recorded at 18°C by monitoring the CD signal at 222 nm every 10 s with a 5-s averaging time.
NSF/␣-SNAP-dependent SNARE Complex Dissociation Assay-To measure NSF and ␣-SNAP binding to the syn1aH3⅐S25N complex, 80-l aliquots of a 50% suspension of glutathione-agarose beads in buffer A (25 mM Hepes, pH 7.4, 150 mM KCl, 5 mM ␤-Me, 10% glycerol, 0.05% Tween-20) were added to Eppendorf tubes. Supernatant was removed from the beads, and 5 M GST-syn1A (residues 1-266) was incubated overnight at 4°C with beads and with 10 M of other SNARE proteins as indicated in a final volume of 100 l of buffer A. The beads were then washed twice in 250 l of buffer A and incubated for 1 h at room temperature with rotation in a final volume of 100 l of buffer A containing 5 M His 6 -NSF, 25 M His 6 -␣-SNAP, 2 mM ATP, 2 mM MgCl 2 , and/or 2 mM EDTA as indicated. Samples were then washed four times with 750 l of buffer B (25 mM Hepes, pH 7.4, 300 mM KCl, 5 mM ␤-Me, 10% glycerol, 2 mM ATP, 0.05% Tween-20) containing either 2 mM EDTA or 2 mM MgCl 2 . Proteins that remained bound to beads following this procedure were solubilized with 30 l of SDS-PAGE sample buffer and run on a 15% SDS-PAGE gel. The extent of complex disassembly was measured by quantitating the density of S25N bands 
, where I i (h) is the I i ,h measurement of reflection h, and ͗I(h)͘ is the weighted mean of all measurements of h. Bijvoet measurements were treated as independent reflections for the MAD phasing data sets.
(using IMAGE, National Institute of Health; available at rsb.info.nih. gov/nih-image/about.html) in the protein gel normalized to the intensity of the contaminating GST band in the lane containing no NSF.
RESULTS

Characterization of the syn1aH3⅐S25N Complex and Comparison to syn1aH3⅐SNAP25-
The physical properties of the syn1aH3⅐S25N complex were determined and compared with the previously characterized core SNARE and syn1aH3⅐SNAP25 complexes. The syn1aH3 construct consists of residues 191-266, so it includes all of the residues that interact with the partner SNAREs in the core complex (13) and the residues that link the SNARE region to the transmembrane anchor. The syn1aH3⅐S25N complex is largely ␣-helical as determined by the mean molar ellipticity between 200 and 250 nm (Fig. 1A) . The oligomeric state of the syn1aH3⅐S25N complex was examined using size-exclusion chromatography. The core SNARE and the syn1aH3⅐SNAP25 complexes both form extended four-helical assemblies and elute at the same volume from a gel filtration column (28) . The syn1aH3⅐S25N complex elutes at the same position, indicating that the complex is a tetramer in solution (see "Experimental Procedures," data not shown). The stability of the complex was monitored by the decrease in ␣-helical signal at 222 nm as a function of temperature. The syn1aH3⅐S25N complex undergoes a cooperative and reversible unfolding transition centered at 58°C (Fig. 1B) . The syn1aH3⅐S25N complex is therefore more stable than the syn1aH3⅐SNAP25 complex (45°C), but it is significantly less stable than the core SNARE complex (Ͼ90°C) (9) .
The S25N, S25C, and SNAP25 peptides adopt random coil conformations until they bind to syn1aH3, so the rate of complex formation can be determined by measuring the increase in mean molar ellipticity at 222 nm as a function of time. Association of syn1aH3 with SNAP25 was rapid (t1 ⁄2 ϭ 300 s), with greater than 95% complex formation after 1 h (Fig. 2A) . However, the association of syn1aH3 with S25N was 20 times slower (t1 ⁄2 ϭ 6200 s). In this case, only 70% complex formation was observed after 5 h (Fig. 2A) . The difference in the rates of formation between the syn1aH3⅐S25N and syn1aH3⅐SNAP25 complexes could be due to the presence of S25C in the fulllength SNAP25 protein. However, no difference in the rates of assembling the syn1aH3⅐S25N and syn1aH3⅐S25N⅐S25C complexes was observed (Fig. 2B) . This raised the possibility that, when the syn1aH3, S25N, and S25C peptides are mixed, only the syn1aH3⅐S25N complex forms. A temperature melting experiment was performed on the syn1aH3, S25N, S25C peptide mixture after a 5-h incubation period. The melting transition is bimodal and shows a roughly 50% mixture of two species (Fig.  2C) . The transitions correspond to those observed for the syn1aH3⅐S25N complex (58°C) and the syn1aH3⅐SNAP25 complex (45°C) (Fig. 2C) . These data indicate that syn1aH3⅐S25N and syn1aH3⅐S25N⅐S25C form distinct complexes and are not in rapid equilibrium with each other. Thus, when these three peptides are combined, the observed rate of assembly reflects formation of the syn1aH3⅐S25N⅐S25C complex and is not solely due to preferential syn1aH3⅐S25N complex formation. These data suggest that the linkage of the N-and C-terminal regions of SNAP25 promotes rapid formation of the syn1aH3⅐SNAP25 complex.
The syn1aH3⅐S25N Complex Is Kinetically Trapped-Addition of VAMP2 to the preformed syn1aH3⅐SNAP25 complex leads to formation of the stable (T m Ͼ90°) ternary core SNARE complex (9) . Like the syn1aH3⅐SNAP25 complex, the syn1aH3⅐ S25N complex displays low thermostability relative to the core SNARE complex, raising the possibility that it also lies on an in vitro pathway to core SNARE complex formation. The binding of S25C and VAMP2 to the preformed syn1aH3⅐S25N complex was monitored by changes in ellipticity. When the unstructured S25C and VAMP2 peptides are added to the preformed syn1aH3⅐S25N complex, the molar ellipticity remains unchanged with time (Fig. 2D ). This result shows that there is no incorporation of the VAMP2 and S25C peptides into a core complex, because the displaced syn1aH3 and S25N peptides would form a helical complex and increase the mole fraction of residues present in a helical conformation. A thermal melting curve measured after incubating VAMP2 and S25C with the preformed syn1aH3⅐S25N complex for 2 h showed only a single transition at 58°C, confirming that no core complex had formed (data not shown). Therefore, unlike the syn1aH3⅐ SNAP25 complex, the syn1aH3⅐S25N complex appears to be resistant to peptide substitution and is kinetically trapped.
Structure of the syn1aH3⅐S25N Complex-The crystal structure of the syn1aH3⅐S25N complex was determined to examine its biophysical properties and compare it to other previously characterized SNARE complexes. The asymmetric unit of the crystal contains two copies each of syn1aH3 and S25N. The four polypeptide chains bind to each other by forming an extended parallel coiled coil (Fig. 3A) with the two copies of syn1aH3 diagonal to each other. This topology differs from the homotetramer formed by syn1aH3, where adjacent pairs of parallel helices are anti-parallel to each other in the four-helix bundle (42) . The sequences of syn1aH3 and S25N contain heptad repeat patterns characteristic of coiled coils, and the a and d positions form the hydrophobic interface of the coiled coil. All of the ordered residues in each chain adopt ␣-helical conformations.
The expressed proteins contain S25N residues 1-83 and syn1aH3 residues 191-267. The ordered residues present in the structure are 11-78 and 10 -72 for S25N copies 1 and 2, respectively, and residues 191-257 and 196 -245 for syn1aH3 FIG. 2 . Kinetics of SNARE sub-complex assembly and stability of resulting complexes. A, assembly of syn1aH3 is 20-fold faster with full-length SNAP25 compared with assembly with the isolated S25N. Red data points represent the association of syn1aH3 with S25N. Blue data points represent the association of syn1aH3 with full-length SNAP25. The large red and blue diamonds on the right side of the graph represent a final time point taken at 48 h. The approximate t1 ⁄2 value for syn1aH3⅐S25N assembly is 6200 s, whereas the t1 ⁄2 value for syn1aH3⅐SNAP25 (full-length) assembly is 300 s. B, the assembly rate of syn1aH3 ϩ S25N ϩ S25C (green) is similar to the assembly rate of syn1aH3 ϩ S25N (red). C, association of syn1aH3 with separate S25N and S25C peptides is slow and results in heterogeneous complex formation. The syn1aH3 ϩ S25N ϩ S25C peptide mixture was incubated for 5 h, and the thermal melting curves of the products were measured. The bimodal melting curve (green) suggests that two different complexes were formed during the assembly reaction. The two melting transitions likely correspond to the unfolding of syn1aH3⅐S25N⅐S25C at ϳ45°C and syn1aH3⅐S25N at ϳ58°C. For comparison, the melting transitions for syn1aH3⅐SNAP25 (full-length) (blue curve) and syn1aH3⅐S25N (red curve) are shown, with the y axes scaled arbitrarily. D, the syn1aH3⅐S25N complex is kinetically trapped. The mean molar ellipticity at 222 nm was monitored over time after the addition of S25C and VAMP2 to pre-assembled syn1aH3⅐S25N complex. No change in ellipticity corresponding to core complex formation is observed even after 2 h. copies 1 and 2, respectively. The S25N N termini extend beyond the ordered regions of the N termini of syn1aH3, due primarily to crystal lattice contacts rather than to interactions with other polypeptides in the same coiled-coil assembly. The ends of all four helices are less well ordered than the central regions, as indicated by the increase in thermal factors with increasing distance from the central layer of the complex. The overall dimensions of the complex are 87 ϫ 30 ϫ 30 Å, not including the residues that are ordered as a result of lattice contacts. Electron density is present for residues 250 -257 in copy 1 of syn1aH3 but not in copy 2; these additional ordered residues can also be attributed to lattice contacts. It is interesting to note that the last ordered residue in copy 2 (Glu 245 ) is near the last ordered syn1aH3 residue (Ser 249 ) seen in the nSec1⅐syntaxin 1a complex structure (24) . Glu 245 is also the last ordered residue seen in the majority of the syn1aH3 peptide chains that form homotetramer assemblies (42) .
As expected, the polar layer (also referred to as the zero layer (13)) in the center of the syn1aH3⅐S25N complex is formed by Gln 226 from syn1aH3 and Gln 53 from S25N (Fig. 3B) . Polar interruptions in the hydrophobic cores of coiled coils have been observed in other systems, including the core SNARE complex and the GCN4 leucine zipper (13, 43, 44) . The polar layer in the core SNARE complex is composed of Gln 226 from syn1aH3, Gln 53 from S25N, Gln 174 from S25C, and Arg 56 from VAMP2 (13) . The four glutamine side chains in the syn1aH3⅐S25N complex adopt similar conformations to each other and are directed clockwise toward adjacent helices when the structure is viewed down the helical axis from the C terminus. Hydrogen bonds between the glutamine carbonyl oxygens are mediated by four water molecules buried in the center of the complex, whereas the glutamine amide groups form hydrogen bonds with backbone carbonyl oxygen atoms of adjacent helices. The four water molecules form a roughly tetrahedral arrangement in the center of the helical bundle, with three of the four water molecules bridging adjacent carbonyl oxygen atoms from the glutamine side chains (Fig. 3B) . The fourth water molecule is slightly out of plane of the polar layer and only contacts one oxygen atom from the glutamine of syn1aH3. The water molecules and the polar layer backbone and side chain atoms have thermal factors with average values for the crystal data (ϳ40 Å 2 ), which indicates that the components of the polar layer are well ordered.
The third layer N-terminal to the polar layer (Ϫ3 layer) contains Phe 216 from syn1aH3 and Gly 43 from S25N (Fig. 3C ). The rotamers of the phenylalanine side chains are constrained by the tight packing arrangement, and the aromatic rings are stacked parallel to each other. These phenylalanine residues are highly conserved among syntaxin-like proteins and may prevent stable parallel homotetrameric assemblies from forming by steric occlusion (42) . They may also assist in establishing the correct alignment of partner SNARE proteins during SNARE complex assembly (11), due to the requirement of the phenylalanine side chain forming a layer with smaller side chains from cognate SNARE proteins.
Comparison of the syn1aH3⅐S25N Complex to the Core SNARE Complex-The structures of the syn1aH3⅐S25N and SNARE core complexes are remarkably similar. Each syn1aH3⅐S25N dimer from the tetrameric assembly superimposes well with the syn1aH3⅐S25N dimer from the core SNARE complex (Table IV and Fig. 3D ). In addition, each of the helices from the syn1aH3⅐S25N complex superimposes well with either the syn1aH3 or S25N helices in the core SNARE complex (Table IV) . Some of the helices, however, do not superimpose well, such as syn1aH3 from the syn1aH3⅐S25N complex with the VAMP2 helix from the core SNARE complex (see Table IV for other examples). Both the syn1aH3⅐S25N and core SNARE complexes have similar surface features that are predominately negative in charge (Fig. 4) ,
The dimensions of the polar layers in the core SNARE complex and the syn1aH3⅐S25N complex are similar. In the core SNARE complex, the distances from ␣-carbon atoms across the coiled coil are 12.1 Å between VAMP2 and S25N and 12.5 Å between syn1aH3 and S25C. In the syn1aH3⅐S25N complex, the equivalent distances are 12.5Å between the two copies of syn1aH3 and 12.1 Å between the two copies of S25N. Most notably, the center of the syn1aH3 complex contains water molecules whereas the VAMP Arg 56 side chain fills this space in the core SNARE complex. The radii of both coiled-coil com -FIG. 3. Syn1aH3 and S25N form a  parallel tetrameric coiled-coil. A, ribbon diagram of the syn1aH3⅐S25N complex. The S25N helix is shown in blue, and the syn1aH3 helix is shown in pink. The polar layer (syn1aH3 Gln 226 and S25N Gln 53 ) and the syn1aH3 Phe 216 residues are drawn as ball-and-stick representations. B, view parallel to the helical axes of the polar layer composed of syn1aH3 Gln 226 (pink) and S25N Gln 53 (blue). Water molecules are shown in yellow. C, view parallel to the helical axes of the layer containing syn1aH3 Phe 216 (magenta). Carbon atoms of side chains are colored gray for clarity. D, superposition of the syn1aH3⅐S25N complex with the core SNARE complex. Syn1aH3 and S25N are shown in pink and blue, respectively. The core SNARE complex is represented in black for VAMP2 and S25C, medium gray for S25N, and light gray for syn1aH3. Syn1aH3 residues 195-245 and S25N 12-72 from the syn1aH3⅐S25N complex were superimposed with residues 195-254 of syn1aH3 and S25N residues 12-72 from the core SNARE complex. The root mean square deviation on C␣ positions for individual helices is given in Table IV . This figure was made using the programs MOL-SCRIPT (49) and RASTER3D (50) .
plexes decrease in a similar manner N-and C-terminal to the polar layer.
The syn1aH3⅐S25N complex is ϳ20 Å shorter than the core SNARE complex. In the core SNARE complex, syn1aH3 residues 188 -259 are ordered, whereas in the syn1aH3⅐S25N complex syn1aH3 residues 246 -259 are disordered. These residues appear to adopt regular secondary structure only in the presence of complimentary SNARE proteins, because the C-terminal region of syn1aH3 is not ordered in solution (21, 22) or in a homotetrameric assembly (42) . Owing to their location near the C-terminal membrane-spanning anchor, the conformations of these residues are likely to play an important role in the membrane fusion event.
The disorder at the ends of the syn1aH3⅐S25N complex can be rationalized from a model generated from the three-dimensional coordinates of the core SNARE complex with the VAMP2 and S25C sequences replaced with the S25N and syn1aH3 sequences, respectively. This model has a backbone conformation identical to the core SNARE complex but with the sequence composition of the syn1aH3⅐S25N complex. At the N terminus of the core SNARE complex structure, syn1aH3 contains an arginine residue (Arg 198 ) that points into the hydrophobic core. However, because the S25C sequence is replaced by that of syn1aH3 in our model, Glu 143 is changed to a second arginine residue. Modeling shows that the two large arginine side chains cannot be easily accommodated in the available space at the center of the complex. For this reason, the syn1aH3⅐S25N complex may not form a tight assembly Nterminal to Arg 198 . This idea is consistent with the structure, where syn1aH3 residues 191-197 are somewhat ordered but are splayed out from the helical axis of the coiled coil.
The sequences of syn1aH3 and S25N do not indicate obvious steric clashes that could prevent stable coiled-coil formation at the C terminus. However, the number of residues in VAMP2, syn1aH3, S25N, and S25C C-terminal to the polar layer that participates in core SNARE complex formation is asymmetric. VAMP2 and syn1aH3 contribute 34 residues after the polar layer, whereas S25N and S25C contribute only 28 residues; in the core SNARE complex the additional C-terminal residues of VAMP2 interact with the C-terminal residues of syn1aH3. The lack of VAMP2 in the syn1aH3⅐S25N complex (or a peptide containing an equivalent number of residues C-terminal to the polar layer) leads to destabilization of syn1aH3 residues 254 -260, which in turn results in disorder in the C-terminal region of S25N.
NSF Can Disassemble the syn1aH3⅐S25N Complex-If syn1aH3 and S25N can form a non-productive complex in vivo, then it is likely that NSF and ␣-SNAP are required to dissociate the complex to allow syn1aH3 and S25N to form productive complexes. The full cytoplasmic portion of syntaxin 1a (residues 1-266, denoted syn1a-(1-266)) forms a binary complex with S25N with similar biophysical properties to the syn1aH3⅐S25N complex (data not shown). Preformed GSTsyn1a-(1-266)⅐S25N complexes attached to glutathione-agarose beads were incubated with NSF and ␣-SNAP in the presence of either Mg 2ϩ and ATP or EDTA and ATP to test whether the syn1aH3⅐S25N complex is a substrate for NSF. GST-syn1a-(1-266) was used rather than GST-syn1aH3 to reduce potential inhibition of disassembly due to steric effects of the GST tag. The products remaining bound on the glutathione-agarose beads were analyzed by SDS-PAGE. When incubated with NSF and ␣-SNAP in the presence of Mg 2ϩ and ATP, the level of S25N peptide bound to GST-syn1a-(1-266) was reduced significantly compared with samples incubated in the presence of ATP and EDTA. Similar results were obtained for assays carried out under the same conditions but where GST-syn1a-(1-266) had been incubated with S25N, S25C, and VAMP2 (Fig. 5) .
Do syn1aH3 and S25N Homologues Form Stable Complexes?-To determine if the formation of a binary syn1aH3⅐S25N complex is a general feature of syn1aH3 and S25N homologues, we attempted to form complexes using the equivalent regions from the syntaxin 1a homologues syntaxin 4 and syntaxin 7, and the SNAP25 homologues SNAP23 and Vti1b. Syntaxin 7 and Vti1b co-localize to endosomes and have been shown to interact in vivo (45) , and SNAP23 and syntaxin 4 have also been shown to co-localize and interact in the presence of other SNARE proteins (46, 47) . Despite the ϳ80% sequence identity between SNAP25 and SNAP23, and between syn1aH3 and syn4H3, the N-terminal SNARE region of SNAP23 (S23N) did not bind to syn1aH3 or syn4H3, and syn4H3 did not bind to S25N (data not shown). Likewise, no binding was observed between syn7H3 and Vti1b. We aligned the S25N and S23N sequences, and the syn1aH3 and syn4H3 sequences, and modeled the non-conserved amino acid side chains onto the syn1aH3⅐S25N structure. No obvious steric clashes or other incompatibilities were observed. This modeling procedure was repeated using the syn7H3 and Vti1b se- Comparison of the syn1aH3⅐S25N complex and core SNARE complex electrostatic surface potentials. Both complexes contain buried hydrophobic residues, are highly negatively charged on the surface, and have similar dimensions. Red represents negative potential, gray or white is neutral, and blue represents positive potential. The maps were contoured at the 10 kT/e level. This figure was prepared using GRASP (51).
quences, which revealed that substitutions of S25N Val 36 with Vti1b Ala and Met 32 with syntaxin 7 Ser create a void in the hydrophobic core. It is likely that the inefficient packing prevents a stable syn7H3⅐Vti1b complex from forming. It is possible that the complex between syn1aH3 and S25N is specific to these two proteins and may reflect unique properties of neuronal synaptic vesicle exocytosis.
DISCUSSION
The association of SNARE proteins into coiled-coil assemblies is critical for membrane fusion. The data presented here, as well as previous in vitro studies (27-29, 32, 42) , demonstrate that the neuronal SNAREs have an intrinsic ability to associate in various combinations in addition to the fusogenic complex of syntaxin 1a, SNAP25, and VAMP2. It is not clear which, if any, of these complexes form in vivo. Nonetheless, it is possible that at least some of the complexes observed in vitro also occur in vivo. For example, the ability of the syntaxin 1a⅐SNAP25 complex to bind VAMP2 (9, 32) suggests that it could be a productive intermediate in the assembly of the fusogenic SNARE complex. In contrast, our finding that the syn1aH3⅐SN25N complex is inert to VAMP2 substitution suggests that it represents a dead-end product on an in vitro pathway to SNARE complex formation. In any case, the cell must have regulatory mechanisms to ensure that the intrinsic physical properties of SNARE proteins do not lead to unproductive complexes. One role of the cellular fusion machinery may be to prevent formation of such complexes. If unproductive complexes do form, then the cell must also have a way to rescue and recycle the mis-assembled SNARE proteins.
A comprehensive analysis of the possible combinations of the four SNARE regions of syntaxin 1a, VAMP2, and SNAP25 revealed that four distinct stable complexes can be formed in addition to the core SNARE complex (10) . These are syn1aH3⅐S25N⅐VAMP2, syn1aH3⅐S25C⅐VAMP2, syn1aH3⅐S25N⅐S25C, and the syn1aH3⅐S25N complexes. The properties of the syn1aH3⅐S25N⅐VAMP2 and syn1aH3⅐S25C⅐ VAMP2 complexes have yet to be studied in detail. A striking consistency among the four complexes is the presence of syntaxin 1a, supporting the idea that syntaxins may form a template upon which other SNARE proteins can assemble (24) . We found differences in the kinetics of syn1aH3⅐S25N⅐ S25C and syn1aH3⅐SNAP25 complex assembly, suggesting that linkage of the SNAP25 N and C regions promotes faster complex formation and ensures productive over nonproductive complex formation. Perhaps this is important to achieve rapid fusion in the tightly regulated neurotransmitter release process.
Our analysis of the syn1aH3⅐S25N complex shows that it is less thermostable than the core SNARE complex, and we attempted to rationalize this difference based on the crystal structure of the syn1aH3⅐S25N complex. One possible explanation is the difference in composition of the polar layers. However, it was recently found that mutation of VAMP2 Arg 56 to Gln in the core SNARE complex, which produces a polar layer with identical composition as the syn1aH3⅐S25N complex, resulted in a thermal melting transition of 88°C. 2 This thermostability is close to that of the wild-type complex, so it is unlikely that the composition of the polar layer is the only factor leading to the reduced thermostability of the syn1aH3⅐S25N complex. There are fewer layers comprising the hydrophobic core of the syn1aH3⅐S25N complex (Ϫ5 to ϩ5) than that of the core SNARE complex (Ϫ7 to ϩ8), and this most likely accounts for the lower thermostability of the syn1aH3⅐S25N complex.
Structural differences between the syn1aH3⅐S25N and syn1aH3⅐SNAP25 complexes might explain some of their different biophysical properties. The syn1aH3 peptides are diagonal to each other in the syn1aH3⅐S25N complex, whereas in the syn1aH3⅐SNAP25 complex the syn1aH3 peptides are adjacent to each other. In addition, the central region of the syn1aH3⅐S25N complex is well ordered whereas the ends are less well ordered; this is in contrast to the syn1aH3⅐SNAP25 complex structure determined by EPR spectroscopy, where the central region is disordered and the ends are ordered (28) . It is and D) , only the GST-syn1a remained attached to the glutathione-agarose beads, indicating that both complexes were disassembled by ␣-SNAP and NSF. Lanes C, D, G, and H are control experiments showing that ␣-SNAP and NSF must both be present to disassemble the complex. Components included in each reaction are indicated for each lane. The disassembly was not complete and a small amount of S25N remained bound to the glutathione-agarose beads. The relative amount of S25N bound to the beads, determined as described under "Experimental Procedures," is indicated under each lane.
likely that critical hydrogen bonding networks in the polar layer are disrupted or missing in the syn1aH3⅐SNAP25 structure due to disorder in the central region of the complex. This may lead to the lower thermostability and ability of the syn1aH3⅐SNAP25 complex to exchange one of the syn1aH3 peptides for the VAMP2 peptide, allowing formation of the core SNARE complex.
It is possible that non-productive complexes among other SNARE proteins can form in addition to the one described here. For example, in the case of SNARE-mediated endoplasmic reticulumGolgi transport, the mammalian syn5⅐rbet1⅐membrin⅐sec22b complex can only be formed in vitro if sec22b is present while the others assemble (48) . In other words, sec22b cannot bind to a preassembled mixture of syn5, membrin, and rbet1. These results parallel our observations, suggesting that a kinetically trapped product is generated by some combination of syn5, membrin, and rbet1 that restricts the incorporation of sec22b to form the fusion complex.
If aberrant complexes do form in the cell, even a small probability of complex formation could result in significant accumulations of non-productive complexes over time. This accumulation would be prevented by ␣-SNAP and NSF, which can dissociate the syn1aH3⅐S25N complex (Fig. 5) . Therefore, it is important that NSF and ␣-SNAP can recognize general structural features in binding and dissociating SNARE complexes. The core SNARE complex, the syn1aH3 homotetramer assembly, and the syn1aH3⅐S25N complexes have similar shapes and electrostatic surface distributions (Figs. 3 and 4) , and it is known that all of these complexes are substrates for NSF and ␣-SNAP (data for the syn1aH3 homotetramer not shown). This ability to disassemble SNARE subcomplexes may be important in preventing significant accumulation of nonproductive complexes in the cell and allowing for the recycling of component SNAREs into productive fusion reactions.
